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(57) ABSTRACT 
A microstructure comprising an in-plane solid-mass electri-
cally conductive tuning fork gyroscope and fabrication 
methods. The gyroscope is formed using substrate material 
having lower and upper layers sandwiching a sacrificial 
insulating layer. An exemplary gyroscope comprises a low-
resistivity single-crystal silicon substrate having a lower 
support layer and an upper flexible support layer. Two 
opposed proof masses that are separated from the lower 
support layer lie in and are supported by the upper flexible 
support layer. Two drive electrodes are disposed adjacent to 
the proof masses and are insulatably supported by the lower 
support layer and are separated from the upper flexible 
support layer. Sense, balance and tuning electrodes are 
disposed adjacent to the proof masses and are insulatably 
supported by the lower support layer and are separated from 
the upper flexible support layer. The operational mode 
shapes are in-plane with the substrate surface and only 
measures angular motion that are orthogonal to the plane of 
the substrate. The microstructure flexural design enables the 
sense and the drive resonant frequencies to occur in close 
proximity of one another. This enables matched-mode 
operation of the device thereby ensuring maximum sensi-
tivity. 
12 Claims, 8 Drawing Sheets 
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HIGH-RESOLUTION IN-PLANE TUNING 
FORK GYROSCOPE AND METHODS OF 
FABRICATION 
This application claims the benefit of U.S. Provisional 
Application No. 60/536,333, filed Jan. 13, 2004. 
GOVERNMENT RIGHTS 
2 
gyroscopes are discussed by Bernstein, J., et al., in "A 
Micromachined Comb-Drive Tuning Fork rate gyroscope," 
Proceedings MEMS 1993, pp. 143-148, and Schwarzelbach, 
0., et al., in "New Approach for Resonant Frequency 
Matching of Tuning Fork Gyroscopes by Using a Non-
Linear Drive Concept," Proceedings Transducers 2001, pp. 
464-467. 
The present invention was funded by the National Science 10 
Foundation under contract No. ECS-0301900. The U.S. 
A number of US patents have been issued that generally 
relate to the present invention. These include U.S. Pat. No. 
5,349,855, issued to Bernstein, et al. entitled "Comb drive 
micromechanical tuning fork gyro", U.S. Pat. No. 5,488, 
863, issued to Machida, et al. entitled "Angular velocity 
sensor making use of tuning fork vibration", U.S. Pat. No. 
Government has certain rights in this invention. 
BACKGROUND 
The present invention relates generally to semiconductor 
microstructures, such as Micro-Electro-Mechanical Systems 
(MEMS) devices, along with fabrication and operational 
methods, and more particularly, to a high resolution in-plane 
fork gyroscope, and methods of manufacture and operation, 
which is preferably formed using a silicon-on-insulator 
(SOI) substrate. 
Vibratory micromachined gyroscopes rely on Coriolis-
induced transfer of energy between two vibration modes to 
sense rotation. Micromachined gyroscopes are increasingly 
employed in consumer and automotive applications, prima-
rily due to their small size and low power requirements. 
However, they are yet to achieve performance levels com-
parable to their optical and macro-mechanical counterparts 
in high-precision applications such as space and tactical/ 
inertial navigation systems. 
Conventional MEMS vibratory gyroscopes have yet to 
achieve inertial grade performance. The requirements for 
inertial grade devices are rate resolutions and bias stabilities 
better than 0.1°/h. To achieve this, a vibratory gyroscope 
must attain very high quality factors (>30,000), large sense 
capacitances (> 1 pF), large mass (> 100 µg), and large drive 
amplitude (>5 µm). 
15 
5,505,084, issued to Greiff, et al. entitled "Micromechanical 
tuning fork angular rate sensor", U.S. Pat. No. 5,728,936, 
issued to Lutz entitled "Rotary speed sensor", U.S. Pat. No. 
5,780,740, issued to Lee, et al. entitled "Vibratory structure, 
method for controlling natural frequency thereof, and actua-
20 tor, sensor, accelerator, gyroscope, and gyroscope natural 
frequency controlling method using vibratory structure", 
U.S. Pat. No. 5,780,739, issued to Kang, et al. entitled 
"Tuning fork type gyroscope", U.S. Pat. No. 5,911,156, 
issued to Ward, et al. entitled "Split electrode to minimize 
25 
transients, motor amplitude mismatch errors, and sensitivity 
to vertical translation in tuning fork gyros and other 
devices", U.S. Pat. No. 5,920,012, issued to Pinson entitled 
"Micromechanical inertial sensor", U.S. Pat. No. 5,945,599, 
issued to Fujiyoshi, et al. entitled "Resonance type angular 
30 
velocity sensor", U.S. Pat. No. 5,992,233, issued to Clark 
entitled "Micromachined Z-axis vibratory rate gyroscope", 
U.S. Pat. No. 6,230,563, issued to Clark, et al. entitled 
"Dual-mass vibratory rate gyroscope with suppressed trans-
lational acceleration response and quadrature-error correc-
35 tion capability", and U.S. Pat. No. 6,257,059, issued to 
Weinberg, et al. entitled "Micro-fabricated tuning fork gyro-
scope and associated three-axis inertial measurement system 
to sense out-of-plane rotation". 
The Brownian motion of the structure represents the 
fundamental noise-limiting component of a vibratory gyro- 40 
scope. This is generally discussed, for example, by Ayazi, F., 
SUMMARY OF THE INVENTION 
in "A High Aspect-Ratio High-Performance Polysilicon 
Vibrating Ring Gyroscope," Ph.D. Dissertation, University 
of Michigan, Ann Arbor (2001 ), andAyazi, F. and Najafi, K., 
in "A HARPSS Polysilicon Vibrating Ring Gyroscope" 45 
IEEEIASME JMEMS, June 2001, pp. 169-179. By equating 
Brownian motion to the displacement caused by the Coriolis 
force, one can derive the mechanical noise equivalent rota-
tion (MNEQ) of the microgyroscope. This is expressed as 
In order to overcome limitations of conventional gyro-
scopes, the present invention provides for a gyroscope 
structure that is based upon a conventional tuning fork's 
response to angular motion and/or rotation. When tines of a 
conventional tuning fork are vibrated along a plane, a 
rotation along its normal axis induces a Coriolis force that 
causes the tines to vibrate orthogonal to the driven plane. In 
the present invention, proof-masses (which act as individual 




50 tines) are driven to a resonance mode along the x-axis of the 
gyroscope using comb-driven actuation, and rotation along 
the z-axis is consequently sensed capacitively at electrodes 
located along the y-axis of the gyroscope. The xy-plane 
represents the wafer surface upon which the devices are 
55 fabricated. 
Equation 1 indicates that the mechanical noise floor varies 
inversely with the drive amplitude ( 'lDrive), the square root 
of the resonant drive frequency ( w 0 ), and square root of the 
effective mass in the sense direction (M). Matching the 
resonant frequencies of the sense and the drive mode 60 
improves this resolution by a factor of !Qsense· 
This calls for innovative designs and advances in fabri-
cation technology. It would be desirable to have an in-plane, 
solid-mass silicon tuning fork device that incorporates very 
high Q, a large mass per unit area, and in-plane matched- 65 
mode operation within a single framework-unlike previ-
ously reported tuning fork gyroscopes. Such conventional 
An exemplary embodiment of the gyroscope comprises a 
single-crystal substrate having a lower support layer and an 
upper flexible support layer. First and second separated 
proof masses that are separated from the lower support layer 
lie in and are supported by the upper flexible support layer. 
First and second drive electrodes are disposed adjacent to 
the proof masses that are insulatably supported by the lower 
support layer and that are separated from the upper flexible 
support layer. Sense and tuning electrodes are disposed 
adjacent to the proof masses and are insulatably supported 
by the lower support layer and are separated from the upper 
flexible support layer. Balancing electrodes are disposed 
US 7,043,985 B2 
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adjacent to the support flexures and are insulatably sup-
ported by the lower support layer and are separated from the 
upper flexible support layer. 
An exemplary method of forming a gyroscope comprises 
providing a semiconductor substrate comprising lower and 
upper layers having a sacrificial insulating layer disposed 
there between. The substrate is patterned and etched to 
define first and second separated proof masses formed in the 
upper layer that are suspended above the lower layer, first 
and second drive electrodes formed in the upper layer and 10 
disposed adjacent to the proof masses that are supported by 
the insulating layer and lower layer and that have portions 
thereof adjacent to the proof masses that are suspended 
above the lower layer, sense electrodes formed in the upper 
layer disposed adjacent to the proof masses that are sup- 15 
ported by the insulating layer and lower layer, and tuning 
electrodes formed in the upper layer disposed adjacent to the 
proof masses that are supported by the insulating layer and 
lower layer. 
By way of example, the patterning and etching may form 20 
the gyroscope by patterning and etching the lower layer in 
areas of the upper layer that correspond to proof masses and 
portions of drive electrodes adjacent to the proof masses. 
The sacrificial insulating layer exposed by patterning and 
etching the lower layer may be etched to remove the 25 
sacrificial insulating layer and expose the upper layer. The 
upper layer may be patterned and etched to define the first 
and second suspended separated proof masses, the first and 
second drive electrodes having suspended portions adjacent 
to the proof masses, the sense electrodes, and the tuning 30 
electrodes. 
4 
FIGS. 3a-3d illustrates a process flow used to fabricate 
the gyroscope; 
FIGS. 4a and 4b show measured drive and sense resonant 
mode response, respectively, for the prototype tuning fork 
gyroscope shown in FIG. 2a; 
FIG. 5 shows the tuning characteristics of the sense 
resonant mode for the prototype gyroscope shown in FIGS. 
4a and 4b; 
FIG. 6 shows that the resonant modes for another proto-
type gyroscope have been matched to within 2 Hz; 
FIG. 7 shows the measured temperature variation of the 
drive resonant frequency for the prototype tuning-fork gyro-
scope shown in FIG. 6; 
FIG. 8 shows a schematic of the basic setup used to test 
the gyroscope; and 
FIG. 9 shows the measured rate results from the prototype 
tuning fork gyroscope shown in FIG. 6. 
DETAILED DESCRIPTION 
Referring to the drawing figures, FIG. la illustrates 
components of an exemplary in-plane solid-mass single-
crystal silicon tuning fork gyroscope 10 in accordance with 
the principles of the present invention. FIG. 1 shows only a 
top or device layer 23 (FIGS. 3a-3d) With reference to 
FIGS. 3a-3d, the gyroscope 10 comprises a lower or handle 
layer 21 or substrate 21 and the top or device layer 23, with 
an insulating layer 22 disposed there between. During fab-
rication, portions of the lower and upper layers 21, 23 and 
insulating layer 22 are removed using microelectronic fab-
rication processes to form the gyroscope 10. 
It is to be understood, that while the exemplary gyroscope 
10 described herein was fabricated using silicon, other 
semiconductor materials, such as quartz or polycrystalline 
The resonant frequencies of the in-plane operational 
modes of the gyroscope are designed to occur in close 
vicinity of one another. This enables for matched mode 
operation, in which case both the modes are excited at 
resonance in the event of a rotation signal input. 
Embodiments of the in-plane solid-mass single-crystal 
silicon tuning fork gyroscope have the potential to achieve 
inertial-grade performance and attain sub-deg/hr rate reso-
lution. A reduced-to-practice embodiment of the gyroscope 
achieves high Q in drive and sense resonant modes 
(Qdrive=Sl,000 and Qsense=64,000) with effective mode 
decoupling. The reduced-to-practice gyroscope was fabri-
cated on 40 µm silicon-on-insulator (SOI) using a two-mask 
process. The drive and sense resonant modes were matched 
(balanced) electronically to within 0.01 % of each other and 
the measured rate results show a sensitivity of 7 .2 m V /0 /s in 
a bandwidth of 2 Hz. 
35 silicon, for example, or an electrically-conductive substrate, 
for example, may readily be employed. Thus, it is to be 
understood that the present invention is not limited to silicon 
structures. Also, although the insulating layer is preferably 
oxide, it is to be understood, that other insulating material, 
BRIEF DESCRIPTION OF THE DRAWINGS 
The various features and advantages of the present inven-
tion may be more readily understood with reference to the 
following detailed description taken in conjunction with the 
accompanying drawing figures, wherein like reference 
numerals designate like structural element, and in which: 
FIG. la illustrates an exemplary in-plane solid-mass 
single-crystal silicon tuning fork gyroscope in accordance 
with the principles of the present invention; 
FIGS. lb and le illustrate resonant mode shapes (exag-
gerated for clarity); 
FIG. 2a illustrates a close-up view of an exemplary 
prototype in-plane solid-mass silicon tuning fork gyroscope; 
FIG. 2b illustrates comb and sense gaps of the exemplary 
tuning fork gyroscope shown in FIG. 2a; 
FIG. 2c illustrates support posts for anchors as seen from 
the back side of the gyroscope shown in FIG. 2a; 
40 such as nitride, for example, may also be used, depending 
upon the application. 
The exemplary gyroscope 10 is fabricated as a single-
crystal structure using microelectronic processing tech-
niques. The components making up the gyroscope 10 are 
45 fabricated by depositing, patterning and etching layers of 
semiconductor material and insulating layers to create the 
desired interconnected and/or coupled components. 
The exemplary gyroscope 10 comprises a flexible support 
structure 11 (also referred to as flexures 11 or beams 11) 
50 which is semiconductor material used to support compo-
nents of the gyroscope 10. First and second opposed proof 
masses 12 are supported by the support structure 11. Distal 
ends of the proof masses 12 have a plurality of fingers 12a 
(or projections 12a) extending outwardly there from. First 
55 and second drive electrodes 13, each having a plurality of 
fingers 13a (or projections 13a) extending inwardly there-
from. 
The respective fingers 12a of the proof masses 12 and the 
fingers 13a of the drive electrodes 13 lie adjacent to one 
60 another and have air gaps between them. The pluralities of 
fingers 12a, l3a are interdigitated and form comb drives 18. 
As will be discussed later, the proof masses 12 are sus-
pended in air, and the first and second drive electrodes 13 are 
supported by the insulating layer 22 and lower or handle 
65 layer 21. 
Two tuning electrodes 14 are disposed supported by the 
support structure 11 on a first lateral side of the first proof 
US 7,043,985 B2 
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mass 12, and two sense electrodes 15 are supported by the 
support structure 11 on a second lateral side of the first proof 
mass 12. Similarly, two tuning electrodes 14 are supported 
by the support structure 11 on the second lateral side of the 
second proof mass 12, and two sense electrodes 15 are 
supported by the support structure 11 on the first lateral side 
of second first proof mass 12. 
First and second anchors 16 are supported by the insu-
lating layer 22 and handle layer 21 and are disposed adjacent 
to proximal surfaces of the proof masses 12. The anchors 16 
provide support for the tuning fork structure. The proof 
masses 12 and flexures 11 (i.e., beams 11 that connect 
proof-masses 12 to the anchors 16) are held by the substrate 
at these points only. Optional sets of quadrature cancellation 
(balancing) electrodes 17 may be disposed along lateral 
edges of the support structure 11. 
The operating principle of the present in-plane tuning fork 
gyroscope 10 is based upon a conventional mechanical 
tuning fork's response to rotation. In such a design, proof-
masses are driven to resonance along an x-axis of the 
gyroscope 10, and Coriolis acceleration induced by rotation 
around the z-axis is sensed along the y-axis of the gyroscope 
10. 
6 
the substrate 21 which are separated from the beams 11 by 
an air gap and whose thickness is on the order of the 
thickness of the insulating layer 22. 
FIGS. 3a-3d illustrates a process flow used to fabricate 
the gyroscope 10 shown in FIG. la. Only a portion of the 
gyroscope 10 is illustrated in FIGS. 3a-3d. Moving sections 
of the gyroscope 10 and areas under the comb drives 18 are 
first released from the backside of the wafer by etching a 
handle silicon layer 21 through to a buried oxide layer 22 
10 (insulating layer 22) using a well-known Bosch process. The 
buried oxide layer 22 is then removed in a reactive ion 
etching (RIE) system and finally a top layer 23 is patterned 
all the way through, leaving behind a suspended structure 
whose anchors 16 are supported by the handle layer or 
15 substrate 21 via several support posts 25 of the flexible 
support structure 11. The final etch step involves a short 
hydrofluoric acid (HF) etch to release areas under the 
support posts 25. 
The fabrication process is very simple and precludes the 
20 requirement of any perforations in the proof mass 12, 
resulting in a larger mass per unit area. The simultaneous 
elimination of a ground plane under the comb drives 18 
prevents excitation of the out of plane modes and detrimen-
tal effects of levitation. A major incentive in utilizing this symmetric tuning fork 
architecture, as opposed to a conventional frame-design or 25 
single-mass-design is the differential sensing capability. As 
A prototype gyroscope 10 was tested in vacuum and high 
Q operation was confirmed. FIGS. 4a and 4b show measured 
drive and sense resonant modes, respectively, for the pro-
totype gyroscope 10 with high Q values (-81,000 for drive 
and -64,000 for sense). As discussed earlier, such high Q's 
a result, linear acceleration/shock signals are rejected as 
"common mode" without the need for complex electronics. 
The spring structure design (provided by the flexible support 
structure 11) makes it possible to drive the solid proof 
masses 12 linearly with displacement amplitudes in the 
range of 4-6 µm. A high Q in the drive mode is necessary 
to produce large drive amplitudes using small drive voltages, 
which is a highly desirable feature required in low-power 
CMOS interfacing. A high Q in a sense mode is imperative 
to substantially increase sensitivity of the gyroscope 10 and 
lower the Brownian noise floor of the gyroscope 10. 
30 are essential to achieve inertial grade performance in a small 
bandwidth. Larger bandwidth may be obtained by operating 
the gyroscope 10 in a closed loop at the expense of sensi-
tivity. 
FIG. 5 shows the tuning characteristics of the sense 
35 resonant mode. This mode shows a variation of approxi-
mately -1600 ppmN over a tuning voltage range of 20 V. 
The tuning characteristics are crucial to obtain matched 
operation, which in tum is necessary to lower the Brownian 
noise floor. 
The primary energy loss mechanism that leads to Q 
degradation is support loss. This is discussed by Z. Hao, et 
al., in "An Analytical Model for Support Loss in Microma- 40 
chined Beam Resonators with In-plane Flexural Vibrations," 
Sensors and Actuators A, Vol. 109, December 2003, pp. 
156-164. The anchor 16 and the support flexures 11 are 
designed to ensure minimal support loss and consequently 
high Q in the drive and sense modes by torque cancellation/ 45 
reduction. DetailedANSYS simulations of the flexures were 
FIG. 6a shows tuning characteristics of the sense mode 
frequency of a second prototype device, and FIG. 6b shows 
that the resonant modes have been matched to within 2 Hz. 
From an initial separation of about 65 Hz, the drive and 
sense frequencies were matched to within 0.01 % (2 Hz over 
18.5 kHz) of each other. 
FIG. 7 shows the measured temperature variation of the 
drive resonant frequency for a second embodiment of the 
tuning fork gyroscope 10 with slightly different flexural 
widths. The drive mode temperature coefficient of frequency 
performed to optimize structural dimensions and to allow 
the sense mode to occur 50--100 Hz higher than the drive 
mode. Once the gyroscope 10 is fabricated, the sense mode 
is tuned electrostatically using the tuning electrodes 14 to 
match the drive mode frequency. FIGS. lb and le show 
resonant mode shapes as simulated in an ANSYS computer 
simulation (exaggerated for clarity). The arrows within the 
proof masses 12 indicate direction of motion. 
50 (TCF) was measured to be about -22 pprn/° C. The sense 
resonant mode also shows a similar TCF implying that mode 
matching can be maintained over temperature. Also, a single 
temperature compensation circuit will suffice to maintain 
mode matching over temperature. 
Despite a mechanically decoupled design, in practice, 
fabrication imperfections can lead to non-zero off-diagonal 
elements in the spring stiffness and damping coefficient 
matrices (see Clark. W. A., "Micromachined Vibratory Rate 
Gyroscopes," Ph.D. Dissertation, University of California, 
60 Berkeley (1997)) resulting in significant zero-rate output. 
Prototype structures comprising the gyroscope 10 were 55 
fabricated on 40 µm silicon-on-insulator (SOI) wafers. Illus-
trations representative of scanning electron microscope 
(SEM) pictures of a fabricated gyroscope 10 are shown in 
FIGS. 2a-2c. FIG. 2a illustrate a close-up view of an 
exemplary in-plane solid-mass silicon tuning fork gyroscope 
10. FIG. 2b illustrates 6 µm comb gaps 18a and 2.5 µm sense 
gaps 14a of the gyroscope 10. FIG. 2c illustrates support 
posts 25 for the anchors 16 as seen from the back (under) 
side of the gyroscope 10 (i.e., looking at the bottom of the 
handle or lower layer 21). The support posts 25 connect the 
center portion of the lower substrate 21 to outer portions 
thereof. The support posts 25 are horizontal extensions of 
This quadrature error prevents close matching of the drive 
and sense resonant modes (see, for example, Schwarzelbach, 
0., et al., "New Approach for Resonant Frequency Matching 
of Tuning Fork Gyroscopes by Using a Non-Linear Drive 
65 Concept," Proceedings Transducers 2001, pp. 464-467). 
Inertial grade performance requires that the high Q reso-
nant modes be matched. This lowers the Brownian noise 
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Features of the present gyroscope 10 and its operation are 
as follows: 
1) The in-plane operation scheme is novel to other tuning 
fork based MEMS gyroscopes that have primarily relied on 
out-of-plane motion to sense rotation. 
2) Another feature of the gyroscope 10 is the design of 
support flexures 11 and anchors 16, which enable various 
important features of the gyroscope 10. 
(i) The frequency of the sense and drive resonant modes 
floor by a factor of ,/Qsense (see Ayazi, F., "A High Aspect-
Ratio High-Performance Polysilicon Vibrating Ring Gyro-
scope," Ph.D. Dissertation, University of Michigan, Ann 
Arbor (2001)). The Brownian noise floor is an order of 
magnitude greater than the electronic noise floor and is 
therefore a key factor in determining the resolution of the 
gyroscope 10. Additionally, any mismatch is undesirable 
because it reduces the sensitivity and makes it a function of 
the frequency of input rotation signal. 
FIG. 8 shows a schematic diagram showing the setup used 
to test the gyroscope 10. There are two resonant modes that 
occur along the x-axis. The first resonant mode involves the 
proof-masses 12 vibrating along the same direction (pseudo-
drive mode). The second resonant mode, which was defined 
earlier as drive, involves the proof-masses 12 vibrating 
along opposite directions. These two modes correspond to 
the symmetric and anti-symmetric modes of a tuning fork. 
This pseudo-drive mode has been designed to occur 300 Hz 
below the actual drive mode. Filtering this mode out elec-
tronically places stringent specifications on filter character-
istics and is not amenable to CMOS integration. However, 
this mode can be effectively suppressed by applying a 
sinusoidal drive signal to both the comb-drives simulta-
neously. 
10 occur in close proximity of one another. It is critical for 
overall sensitivity/resolution of the gyroscope 10 to have 
maximum energy transfer between the two resonant modes 
in the event of a rotation signal. The gyroscope 10 incor-
porates tuning electrodes 14 which enables matching the 
15 drive and sense mode to achieve maximum response to 
rotation. 
(ii) There is effective decoupling between the sense and 
drive resonant modes. 
(iii) The gyroscope 10 achieves a extremely high quality 
20 factors (0) in both the drive and sense resonant modes. A 
high Q (81,000 in vacuum) for drive resonance provides for 
lower actuation voltages, and a high Q (65,000 in vacuum) 
in the sense resonance provides for extremely high overall 
25 
The sense electrodes are cross-coupled to obtain a greater 
change in sense capacitance, and therefore a greater signal 
output. Tuning voltages are applied separately though an 
external DC power supply to electrostatically balance the 
30 
drive and sense resonant modes. The Coriolis response is 
sensed using a trans-impedance amplifier and demodulated 
using a simple envelope detector circuit before being passed 
to a final gain stage. 
Measured rate results from the tuning fork gyroscope 10 35 
with a 2 Hz resonant mode mismatch and 3 µm drive 
amplitude yields an open-loop rate sensitivity of7.2 mV/0 /s, 
as shown in FIG. 9b. Table I summarizes key parameters of 
the gyroscope 10. 
TABLE I 
Summary of the solid-mass silicon tuning fork gyroscope parameters. 
40 
resolution (sub-deg/hr). 
3) The unique and symmetric distribution of the elec-
trodes 13, 14, 15, 17 provide for the following capabilities. 
(i) The tuning electrodes 14 enable matching of the drive 
and sense resonant modes to achieve a maximum response 
to rotation. 
(ii) The balancing electrodes 17 may be employed for 
cancellation of cross-coupling between the two resonant 
modes (caused by fabrication imperfections) by application 
of appropriate balancing voltages. 
4) The fabrication process flow allows for: 
(i) Release of the proof-masses without perforations 
thereby ensuring maximum mass per unit area. 
(ii) Elimination of a ground plane under the comb-drive 
electrodes 13, thereby suppressing adverse effects such as 
comb-levitation, etc. 
Thus, an improved in-plane fork gyroscope, and methods 
of manufacture and operation have been disclosed. It is to be 
understood that the above-described embodiments are 
merely illustrative of some of the many specific embodi-
ments that represent applications of the principles of the Single proof mass dimension (in µm) 
Effective mass 
Operating Frequency 
Split of drive and sense resonant frequencies 
Rate sensitivity 








-22 ppm/° C. 
45 present invention. Clearly, numerous and other arrange-
ments can be readily devised by those skilled in the art 
without departing from the scope of the invention. 
Resolution with 2 Hz freq mismatch 
Theoretical Brownian noise floor with matched modes 
Electronic noise floor (input ref. noise~ 1 µVIJHz) 
Measured temp. coefficient of freq. (TCF) 
50 
A prototype in-plane, solid-mass silicon tuning fork gyro-
scope 10 was implemented on 40 µm SOI. This design 
demonstrates high drive and sense mode quality factors, 55 
large drive amplitudes and increased mass, which are critical 
requirements to lower the Brownian noise floor and thereby 
achieve sub-degree per hour angular rate resolutions. Stra-
tegic electrode placement schemes and electronic feedback 
control mechanisms may be employed to achieve complete 60 
matching of the high-Q resonant modes and mitigate the 
quadrature error. The high Q operation calls for advance-
ments in vacuum packaging technologies such as those 
mentioned by Najafi, K., in "Micropackaging Technologies 
for Integrated Microsystems: Applications to MEMS and 65 
MO EMS," Proc. SPIE Micromachining & Microfabrication 
Symp. 2003, pp. 1-19, for example. 
The invention claimed is: 
1. A gyroscope comprising: 
an electrically-conductive substrate comprising a lower 
support layer and an upper flexible support layer; 
first and second separated proof masses lying in and 
supported by the upper flexible support layer that are 
separated from the lower support layer; 
first and second drive electrodes disposed adjacent to the 
proof masses that are insulatably supported by the 
lower support layer and that are separated from the 
upper flexible support layer; 
sense electrodes disposed adjacent to the proof masses 
that are insulatably supported by the lower support 
layer and that are separated from the upper flexible 
support layer; and 
tuning electrodes disposed adjacent to the proof masses 
that are insulatably supported by the lower support 
layer and that are separated from the upper flexible 
support layer. 
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2. The gyroscope recited in claim 1 wherein the first and 
second drive electrodes are disposed adjacent distal ends of 
the proof masses. 
3. The gyroscope recited in claim 1 wherein the sense 
electrodes and tuning electrodes are selectively disposed on 
lateral sides of the proof masses. 
4. The gyroscope recited in claim 1 further comprising: 
balancing electrodes insulatably supported by the lower 
support layer and laterally separated from the proof 
masses. 
5. The gyroscope recited in claim 4 wherein the balancing 
electrodes are disposed adjacent lateral sides of the upper 
flexible support layer. 
6. The gyroscope recited in claim 1 wherein adjacent ends 
10 
of the respective proof masses and drive electrodes comprise 15 
pluralities of interdigitated projections that form comb 
drives. 
7. The gyroscope recited in claim 1 wherein the lower 
support layer comprises one or more anchors that couple the 
upper flexible support layer to the lower support layer. 
8. The gyroscope recited in claim 1 wherein drive and 
sense modes are operated at resonance. 
9. A gyroscope comprising: 
20 
10 
frequencies of in-plane operational modes of the gyro-
scope are in close proximity to one another to provide 
for matched mode operation. 
10. A method of forming a gyroscope, comprising: 
providing an electrically-conductive substrate comprising 
lower and upper layers having a sacrificial insulating 
layer disposed therebetween; and 
patterning and etching the substrate to define first and 
second separated proof masses formed in the upper 
layer that are suspended above the lower layer, first and 
second drive electrodes formed in the upper layer and 
disposed adjacent to the proof masses that are sup-
ported by the insulating layer and the lower layer and 
that have portions thereof adjacent to the proof masses 
that are suspended above the lower layer, sense elec-
trodes formed in the upper layer disposed adjacent to 
the proof masses that are supported by the insulating 
layer and the lower layer, and tuning electrodes formed 
in the upper layer disposed adjacent to the proof masses 
that are supported by the insulating layer and the lower 
layer. 
an electrically-conductive substrate comprising a lower 
support layer and an upper flexible support layer; 
11. The method recited in claim 10 wherein the patterning 
25 and etching comprises: 
first and second separated proof masses lying in and 
supported by the upper flexible support layer that are 
separated from the lower support layer; 
first and second drive electrodes disposed adjacent to the 
proof masses that are insulatably supported by the 30 
lower support layer and that are separated from the 
upper flexible support layer; 
sense electrodes disposed adjacent to the proof masses 
that are insulatably supported by the lower support 
layer and that are separated from the upper flexible 35 
support layer; and 
patterning and etching the lower layer in areas of the 
upper layer that correspond to the proof masses and the 
drive electrodes; 
etching the sacrificial insulating layer exposed by pattern-
ing and etching the lower layer to remove the sacrificial 
insulating layer and expose the upper layer; and 
patterning and etching the upper layer to define the first 
and second suspended separated proof masses, the first 
and second drive electrodes having suspended portions 
adjacent to the proof masses, the sense electrodes, and 
the tuning electrodes. tuning electrodes disposed adjacent to the proof masses 
that are insulatably supported by the lower support 
layer and that are separated from the upper flexible 
support layer; 
12. The method recited in claim 10 wherein drive and 
sense operational modes occur in a plane defined by the 
40 upper layer. 
wherein drive and sense operational modes occur in a 
plane defined by the upper layer, and wherein resonant * * * * * 
